Abstract In this study, specific methanogenic activity (SMA) test and fluorescence in situ hybridisation (FISH) were respectively used to determine acetoclastic methanogenic capacity, and composition and number of methanogenic and sulphate reducing bacterial (SRB) populations within a full scale anaerobic contact reactor treating a pulp and paper industry effluent. The sludge samples were collected from three different heights along the anaerobic reactor having a difficulty of completely stirring. Performance of the anaerobic reactor in terms of COD removal efficiency varied between 47 and 55% at organic loading rates in a range of 1. along the reactor height showed that the acetoclastic methanogenic activity of the sludge samples, the relative abundance of acetoclastic methanogens, hydrogenotrophic methanogens and acetate oxidising SRB decreased as the reactor height increased, however the relative abundance of non-acetate oxidising SRB increased.
Introduction
Wastewater from pulp and paper mills constitutes a major source of aquatic pollution since it contains a high concentration of organic substances (Ali and Sreekrishnan, 2001 ). Many studies have been carried out on the treatment of pulp and paper mills wastewater by biological methods such as conventional anaerobic treatment processes (Rintala et al., 1999) . Since maintenance of active methanogenic populations in an anaerobic treatment system is critical for stable performance, and sulphate reducing bacteria (SRB) compete with methanogens for the available common substrates, malfunctions may be detected at a very early stage by monitoring changes in numbers and activities of methanogenic and SRB populations in anaerobic reactors so that operating conditions can be changed, and a complete collapse of the reactor can be avoided (Ince et al., 2005) . Complimentary analyses permitting such monitoring include fluorescence in situ hybridisation (FISH), most probable number (MPN) estimates, coenzyme F 420 fluorescence and specific methanogenic activity (SMA) tests under controlled conditions (Pind et al., 2003) . Among these, FISH is advantageous because it combines the precision of molecular identification with the visual information from microscopy, to permit visualisation and identification of individual microbial cells within their natural habitats (Wagner et al., 2003) . The SMA test allows potential activity of the acetoclastic methanogens to the determined. Therefore, changes in biological sludge activities can be followed by using the SMA test. Moreover, SMA test results permit the most suitable organic loading rates (OLRs) to be applied and allow estimation of the VSS concentration that should be retained in anaerobic reactors (Ince et al., 1995) .
In this study, acetoclastic methanogenic capacity, and composition and number of methanogenic and sulphate reducing bacterial (SRB) populations were determined in sludge samples which were collected from three different heights along a full scale anaerobic contact reactor treating a pulp and paper industry effluent in both July and August 2005. Phylogenetically defined groups of methanogens and SRB were detected using fluorescent rRNA targeted oligonucleotide probes. Specific cell counts were determined by a combination of in situ hybridisation and epifluorescence microscopy. Changes in the potential methane production (PMP) rate of the reactor sludge were determined using the SMA test.
Methods

Description of the anaerobic contact reactor
A full-scale anaerobic contact reactor followed by an external sludge separator (lamellatype) is used in the anaerobic stage of a two-stage anaerobic-aerobic biological treatment system at a Pulp and Paper Factory located in Tekirdag, Turkey. The reactor has an active volume of 9687 m 3 (a total height of 16 m). Wastewater is fed from the bottom of the reactor. The anaerobic reactor was operated under a F/M (food to microorganisms) ratio of 0. In this study, a fully computerised SMA test unit originally developed by Monteggia (1991) and modified by Ince et al. (1995) was used to determine acetoclastic methanogenic activity. The SMA test unit consisted of eight 1 L digestion flasks placed in a water bath to control the temperature. Mixing is provided by magnetic stirrers. The gas measurement system contains a manometer and tubing for interconnection between the digestion flasks and the other units. A PC was connected to the gas metering system through an eight channel analog input board (model DAS 800, Metrabyte Corporation, UK) to simultaneously monitor gas production from the eight independent digesters. Details and the experimental procedure of the SMA test are given in Ince et al. (1995) .
Calculation of potential methane production (PMP) and actual methane production (AMP) rates
The methane production rates are calculated using Equations 1 and 2 for the SMA test reactor and the anaerobic contact reactor respectively: Acetate was used as feed during SMA tests, since approximately two-thirds of the methane produced in an anaerobic bioreactor is derived from acetate (Zinder, 1993) . Acetate concentrations in the range of 2,000 -5,000 mg L 21 were initially tested in order to reach the maximum PMP rate during the SMA tests. 3,000 mg L 21 acetate was found to be optimum concentration.
Fluorescence in situ hybridisation
For all times, triplicate samples were collected from the reactor. Sludge samples were transferred into sterile containers with the addition of absolute ethanol (1:1, v/v) on-site. Samples were transferred to the laboratory in cool-boxes maintained at 4 8C or less. Upon arrival, 1 mL aliquots of the sample were fixed in freshly prepared 4% paraformaldehyde (PFA) in PBS (130 mM NaCl, 10 mM sodium phosphate, pH 7.2) for at least 3 hours at 48C. After fixation, cells were washed once with PBS, resuspended in PBS-absolute ethanol (1:1, v/v) and stored at 2 208C (Harmsen et. al., 1996) . 16S rRNA-targeted oligonucleotide probes used for identificaiton of phylogenetically defined groups of methanogens were MC1109 (Methanococcales), MB310 (Methanobacteriales), MG1200 (Methanogenium relatives), MSMX860 (Methanosarcinaceae), MS1414 (Methanosarcina þ relatives), MS821 (Methanosarcina) and MX825 (Methanosaeta) (Raskin et al., 1994) . Genus-specific probes used for identification of SRB were SRB129 (Desulfobacter spp.), SRB660 (Desulfobulbus spp.), SRB687 (Desulfovibrio), SRB221 (Desulfobacterium spp.) and SRB814 (Desulfococcus multivorans, O. Ince et al.
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Desulfosarcina variabilis, Desulfobotulus sapovorans) (Devereux et al., 1992) . The probe SRB 385 was used to detect SRB of the delta subdivision of the proteobacteria (Devereux et al., 1992) . It was reported that the specificity of the probe SRB385 for genera Desulfobacter, Desulfobacterium and Desulfococcus was problematic (Ramsing et al., 1996) , however, it can be used simultaneously with the genus-specific probes to detect the total SRB population (Icgen and Harrison, 2006) . In this study, the number of cells detected by the probe SRB385 was always higher than the total number of SRB detected by the genus-specific probes which cover all known trophic groups of mesophilic SRB. Therefore, SRB detected by the probe SRB385 was regarded as the total SRB population. Two negative controls were used during the hybridisation stage. One was to assess nonspecific binding (probe Non338), and the other was (lacking a probe) to monitor autofluorescence. All probes were obtained commercially and labelled at 5 0 end with Cy3 (Qiagen, Germany).
Ten mL of 100 times dilution of the fixed sample which resulted in between about 50 and 300 cells per field of view was spotted onto a gelatin-coated slide and air dried. Cells were dehydrated at room temperature in increasing concentrations of ethanol (50, 80 (Manz et al., 1992) . After prehybridisation, a probe at a final concentration of 5 ng mL 21 was added into the hybridisation buffer and incubated at the optimal hybridisation temperature for 3 hours. Following hybridisation, 2 mL of 4 0 ,6-diamidino-2-phenylindole (DAPI) DNA stain (final concentration of 3.3 mg/mL) was added into the hybridisation buffer and incubated at room temperature for 10 min. The cells were washed twice in wash buffer containing 20 mmol L 21 Tris-HCl (pH 7.2), 0.01% SDS, 5 mmol L 21 EDTA and between 0.9 mol L 21 and 56 mmol L 21 NaCl according to the formula of Lathe (1985) for 15 min at the optimal washing temperature before a final wash with deionised water. Slides were air dried and one drop of Citifluor antifadent (Citifluor Ltd., UK) was added to the sample. Slides were examined under an Olympus BX 50 Epifluorescence Microscope equipped with a 100 W high-pressure mercury lamp and U-MWIB/U-MWG filter cubes. Images were captured using a Spot RT charged coupled device (CCD) camera using the software supplied by the camera manufacturer (Diagnostic Instruments Ltd., UK). The images were processed and analysed using Image-Pro Plus version 5.1 image analysis software (Media Cybernetics, USA). Counts for ten random fields of view were obtained for each sample, and the average cell count was calculated.
Results and discussion
Performance of the anaerobic contact reactor
Changes in COD removal efficiency and OLR of the anaerobic reactor between April 4 and August 28, 2005 are shown in Figure 1 . Pulp and paper manufacturing processes did not produce effluent between July 22 and August 9 because of a problem in energy supply to the processes. The anaerobic reactor, therefore, was not operated during this period. COD removal efficiency varied between 47 and 55% at OLRs in a range of 1. (Rintala et al., 1999; Savant et al., 2005) .
SMA test results
SMA tests were carried out to determine the potential loading capacity of the anaerobic reactor. SMA test results are shown in Figure 2 . PMP rates of the reactor sludge, corresponding AMP rates obtained from the reactor, AMP/PMP ratios and losses in PMP rates between July and August 2005 are given in Table 1 .
According to the SMA test results, 43% decrease in the average PMP rate of the reactor sludge occurred between July 3 and August 21, during which period the anaerobic reactor was not operated between July 22 and August 9. Although biomass viability was maintained in the reactor, endogenous decay could drastically increase during this starvation period. This might have lead to a decrease in the amount of active methanogenic cells maintained within the anaerobic reactor which was resulted in the siginificant decrease in the average PMP rate of the reactor sludge.
SMA test results along the reactor height showed that acetoclastic methanogenic activity of the sludge samples decreased as the reactor height increased. These results showed that complete mixing was not achieved in the anaerobic reactor having an active volume of 9,687 m 
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AMP/PMP ratios also showed that the reactor was underloaded compared to its maximum loading capacity and the anaerobic sludge was operating at 20-40% of its potential acetoclastic methanogenic capacity. Monteggia (1991) and Ince et al. (1995) reported that operating condition for laboratory-scale anaerobic reactors corresponded to AMP/ PMP ratio of 0.6 -0.7 ensures achieving high COD removal efficiency and maintaining high methanogenic activity which could provide safer operation under field conditions, i.e. under varied influent flows and variable concentrations of organic matter. It was, therefore, recommended that the anaerobic reactor should be loaded at higher organic loading rates or withdraw sludge in order to maintain AMP/PMP ratio of 0.6-0.7.
After the decrease in the PMP rate of the reactor sludge to 159 mL CH 4 gVSS 21 d
21
, it can be said that the potential methanogenic activity of the anaerobic sludge became low compared to the PMP rates of anaerobic reactors reported in literature (.300 mL CH 4 gVSS 21 d
) (Rintala et al., 1999; Savant et al., 2005) . Since the anaerobic reactor had a very high potential methanogenic activity compared to its actual methanogenic activity before the starvation period, COD removal efficiency of the reactor did not decrease after the starvation period, although the potential methanogenic activity of the sludge decreased.
FISH results
The microbial community structure of the anaerobic reactor sludge was characterized using fluorescent rRNA targeted oligonucleotide probes specific for phylogenetically defined groups of methanogens and SRB. The number and composition of archaeal methanogenic and SRB populations in the reactor sludge are given in Table 2 . Identified microbial species were grouped according to their trophic levels and rearranged quantification results are given in Table 3 . SMA test results along the reactor height showed that acetoclastic methanogenic activity of the sludge samples decreased as the reactor height increased. As seen in Table 3 , decreases in the acetoclastic methanogenic activity of the sludge samples coincided with a decrease in the relative abundance of acetoclastic methanogens, hydrogenotrophic methanogens and acetate oxidising SRB along the reactor height. This has led to the suggestion that acetate is being converted to H 2 /CO 2 in the reactor by a reverse reaction of acetate-oxidising SRB and further to methane by hydrogenotrophic methanogens as an alternative to acetoclastic methanogenesis (Delbe's et al., 2001 , Angenent et al., 2002 . The production of methane from acetate through this syntrophic consortium appears to be more common in stressed systems (Angenent et al., 2002) . The stress on the anaerobic system in the current study might have been originated from operation of the reactor under F/M ratios much lower than the typical values reported for similar reactors since all other operational parameters have been maintained within their desired ranges.
Decreases in the acetoclastic methanogenic activity of the sludge samples between July and August coincided with decreases in the relative abundance of all trophic microbial groups except non-acetate oxidising SRB which showed significant increases (Table 3 ). This could have been due to better resistance of non-acetate oxidising SRB to the starvation which resulted from the two weeks off period of the anaerobic reactor.
Conclusions
The SMA test and FISH results were correlated with each other and were able to determine the significant decrease in the potential activity and number of methanogens as a result of the two weeks off period of the anaerobic reactor. Although quality of the sludge in terms of potential methanogenic activity decreased, COD removal efficiency of the reactor did not decrease. The SMA test and FISH results along the reactor height also showed that the potential activity of methanogens and the relative abundance of all trophic microbial groups changed as the reactor height changed. These results showed that complete mixing was not achieved in the anaerobic reactor.
There are few published studies available that present results for both the SMA test and FISH for a full-scale anaerobic reactor. This study confirms the ability to use SMA tests and quantitative FISH to assess a full-scale anaerobic reactor in terms of changes in potential methane production.
